Numerous parameters have been proposed to evaluate eggshell quality in order to reduce losses from damaged eggshells. The uniformity of eggshell thickness (UET), as a newly proposed parameter, is defined as the reciprocal of the coefficient of variation of the eggshell thickness of multiple points on the eggshell surface. In this study, we further evaluated the relationship between UET and eggshell quality of eggs from Lohmann Brown layers. Three hundred and thirty fresh eggs from 40-week-old hens were collected. Egg weight, eggshell weight, eggshell thickness, shape index, and breaking strength were measured, and UET, static stiffness, fracture toughness, and elastic modulus were calculated. The relationship between UET and other eggshell quality parameters was analyzed. Results show that UET is positively correlated with eggshell thickness, breaking strength, static stiffness, and fracture toughness (r＝0.297, 0.430, 0.409, and 0.171, respectively, P＜0.01). In order to analyze the effect of UET on eggshell quality, eggs were divided into three groups according to their eggshell thickness (thin, medium, and thick), and eggs within each thickness group were subdivided into three subgroups based on their UET (low, medium, and high). Relationship between UET and eggshell quality was analyzed. Result showed that eggs with higher UET in the thin group had higher breaking strength, static stiffness, fracture toughness, and elastic modulus than those with lower UET in the medium group, indicating that eggs with thinner but more uniform eggshells were stronger than those with thicker but less uniform eggshells. Our study suggested that UET has a significant influence on breaking strength, static stiffness, fracture toughness, and elastic modulus and should be included in evaluating eggshell quality.
Introduction
The avian eggshell is a unique mineralized structure produced by birds. It isolates the embryo from the variable external environment, forms a relatively enclosed and semipermeable chamber (allowing the exchanges of air and moisture but impermeable to large molecules), and provides calcium for embryonic development. For table eggs, the eggshell is a natural packing material which can block the direct invasion of extraneous bacteria, viruses, and pathogens, reducing the likelihood of diseases caused by contaminated eggs (Nys et al., 2011) . Shell breakage for any reason during the production chain will result in downgrade of eggs as well as economic losses to commercial companies (Hunton, 2005) . It is important to improve eggshell quality through genetic selection to reduce eggs with inherently poor eggshell.
Eggshell breakage depends not only on the strength of the eggshell, but also the magnitude of an external insult (Carter, 1970) . For several decades, scientists spared no effort to find effective techniques or instruments to evaluate eggshell quality. Breaking strength, static stiffness and dynamic stiffness are all popular parameters in current eggshell quality evaluation. As the most important direct measurement, breaking strength describes the maximum force required to fracture the eggshell. However, since the eggshell is strainrate sensitive, the measurement of breaking strength is strongly influenced by compression speed (Voisey and Hunt, 1969) . In addition, breaking strength is a local measurement and variations might occur when measured at different positions in the same egg (De Ketelaere et al., 2002) . Static stiffness as a nondestructive indicator provides a measure of the overall stiffness characteristics of the eggshell according to the slope of the force versus deformation (F/d) curve (Voisey and Hamilton, 1975) . Coucke (1998) invented a novel technique to measure eggshell quality by using acoustic resonant frequencies analysis, called dynamic stiffness. This new measurement better describes the global behavior of eggshells and varies slightly when measured at different positions (De Ketelaere et al., 2002) . It has been proved to be a most promising method that could be applied in genetic selection and on-line detection due to its rapid speed of measurement and nondestructive nature (Coucke et al., 1999; De Ketelaere et al., 2000; De Ketelaere et al., 2002; De Ketelaere et al., 2004; Dunn et al., 2005; Bain et al., 2006; Amer Eissa, 2009 ).
Eggshell thickness is considered one of the major indirect parameters for evaluation of eggshell quality (Khatkar et al., 1997) . However, eggshell thickness is different from point to point across the whole eggshell, which led Sun et al. (2012) to introduce a new parameter, uniformity of eggshell thickness (UET), to evaluate eggshell quality. These authors defined it as the reciprocal of coefficient of variation of eggshell thickness from multiple positions and found that UET had a significant positive correlation with breaking strength, which provided a new tool for evaluation of eggshell quality. Thus, this subsequent experiment was conducted to investigate the relationship between UET and other egg and eggshell parameters and to study the effect of UET on eggshell quality in chickens.
Materials and Methods

Egg Samples
Three hundred and thirty fresh eggs were randomly collected from 40-week-old Lohmann Brown layers. All hens were raised in individual cages and managed according to current commercial practice at the National Poultry Performance Test Center in China Agricultural University. Commercial layer diets were provided ad libitum and all layers were under a light/dark cycle of 14 hour light and 10 hour darkness (14L:10D). All eggs were stored at room temperature (20℃).
Data Collection
Thirty abnormal eggs including soft-shell eggs, cracked eggs, wrinkled-shell eggs, rough-shell eggs, were excluded from the measurements. The remaining 300 eggs were subjected to the following measurements. Egg weight was measured. The length of the polar axis and the diameter at the equator were measured with an egg shape index gauge (Fujihira Industry Co. Ltd, Tokyo, Japan, 1 mm; Shape index ＝length/diameter). A non-destructive compression test was performed to determine the deformation of the eggshell using a Texture Analyzer (TA.XTPlus, Stable Micro Systems Co. Ltd, Godalming, UK). Briefly, eggs were placed horizontally between two flat plates and compressed at a constant speed of 0.02 mm per second. The maximum force exerted on eggs was 10 N at the equator and, once reached, the compression automatically stopped and the deformation (mm) of eggshell was recorded instantly on the computer. The measurement was performed three times at three equidistant positions on the equator for each egg and the average deformation of each eggshell was calculated. The slope of force versus deformation reflects the overall stiffness characteristics of the egg (Voisey and Hamilton, 1975; Hamilton, 1982) , therefore, it can be used to estimate the force required to fracture the egg. To minimize the effect of duration between oviposition and measurement on egg weight and deformation, all the above work was conducted within one day after sampling.
After that, 42 points along both longitudinal and latitudinal axes were marked on the eggshell surface for the measurement of eggshell thickness, as described by Sun et al. (2012) . An eggshell thickness echometer (Karl Deutsch Echometer 1061, Karl Deutsch Co. Ltd., Wuppertal, Germany) was used to determine the thickness of each point with an accuracy of 0.01 mm. Based on the ultrasonic technology, the instrument can measure the thickness of the eggshell quite precisely without breaking the egg. The accuracy of the echometer was confirmed by comparing the results obtained with the echometer with those obtained using a shell thickness gauge. Results showed that there was no significant difference between average eggshell thickness measured by the echometer and that without membrane by the eggshell thickness gauge. The novel eggshell parameter, UET, was calculated as the reciprocal of coefficient of variation of eggshell thickness from 42 positions on the eggshell surface.
The breaking strength of each egg was measured vertically (pole to pole) with the Eggshell Force Gauge (Model-II, Robotmation Co. Ltd., Tokyo, Japan). Egg internal contents and inner shell membranes were then removed, and the eggshells washed clean, placed in the drying oven at 55℃ overnight and the dried eggshells weighed.
Two other parameters, fracture toughness (KC) and elastic modulus (E shell ) were subsequently calculated based on the data previously acquired according to the formulae developed by Bain (1992) . The fracture toughness describes the eggshell's ability to resist the expansion of an existing fracture and is derived from the formula: KC＝K nd (F/T 3/2 ). K nd was calculated as 0.777[2.388＋2.9934(6/R)]^(1/2), where R is the radius of curvature (mm) and equals half the diameter at the equator, F the breaking strength (N/cm 2 ), and T the eggshell thickness (mm). Elastic modulus describes the contribution of the eggshell material to mechanical stiffness properties of the eggshell and is derived from the formula: 
Statistical Analysis
Statistical analysis was conducted using SAS version 9.2 (SAS Inst. Inc., Cary, NC). Three eggs were excluded from the following statistical analysis through the normality test (UNIVARIATE). The means and lower/upper quartiles of egg and eggshell parameters were calculated (UNI-VARIATE). Correlation analysis (CORR) was performed to determine the relationships between egg and eggshell parameters measured or calculated in this study, and Pearson coefficients were calculated. Analysis of variance (ANOVA) was conducted to investigate the effect of UET on some physical and mechanical properties of egg and eggshell and the means were compared by Duncan's Multiple Range Test.
Results
Descriptive Values of Egg and Eggshell Parameters
The mean values, standard deviations, and lower and upper quartiles for egg and eggshell parameters, including egg weight, eggshell weight, eggshell thickness, shape index, UET, breaking strength, static stiffness, fracture toughness, and elastic modulus are shown in 
Correlation of UET with Other Egg and Eggshell Parameters
The Pearson correlation coefficient matrix of egg and eggshell parameters is shown in Table 2 . The eggshell thickness showed positive correlation with breaking strength and static stiffness (r＝0.319, 0.425, respectively, P＜0.01), and negative correlation with fracture toughness and elastic modulus (r＝−0.472 and −0.822, respectively, P＜0.01). UET was positively correlated with eggshell thickness, breaking strength, static stiffness and fracture toughness (r ＝0.297, 0.430, 0.409, and 0.171, respectively, P＜0.01). Static stiffness and fracture toughness were found to positively correlate with breaking strength (r＝0.579, 0.672, respectively, P＜0.01). Correlation coefficients between egg weight and breaking strength, static stiffness, fracture toughness, and elastic modulus were not statistically significant.
The Effect of UET on Eggshell Quality
In order to determine the relationship between UET and eggshell quality, 297 eggs were ranked by thickness in ascending order and then divided into three groups. The first 99 eggs (1 to 99) were classified into the thin group; the middle 99 eggs (100 to 198) were in the medium group; and the last 99 eggs (199 to 297) were in the thick group. Eggs in each thickness group were further subdivided into three subgroups based on their UET (low, medium and high).
The average values of each parameter among nine subgroups were compared (Table 3 ). The average eggshell thickness of the thin, medium, and thick groups were 0.297± 0.018, 0.356±0.020, and 0.396±0.018 mm, respectively, differing significantly from each other (P＜0.05). It can be seen from Table 3 that, in the thin group, parameters of eggshell weight and egg weight were not significantly different among the three subgroups (low, medium and high) (P ＞0.05), whereas the parameters to evaluate eggshell quality (breaking strength, static stiffness, fracture toughness, and elastic modulus) differed significantly among the three subgroups (P＜0.05). The situation is similar in the medium thickness group. However, in the thick group, the parameters of breaking strength, static stiffness, fracture toughness, and elastic modulus were not affected by UET, indicating that UET only played important roles in eggs with thin and medium thickness, in that the higher the UET was, the stronger the eggshell was.
Discussion
Researchers have investigated many parameters for the evaluation of eggshell quality including eggshell thickness, shape index, specific gravity, non-destructive beta backscatter, breaking strength, puncture force, static stiffness, and dynamic stiffness (Gaisford, 1965; Tung et al., 1968; Hunton, 1969; Voisey and Hamilton, 1975; Hamilton, 1982; Roberts, 2004; Bain, 2005) . These parameters have been incorporated into commercial selection programs aimed at improving eggshell quality and reducing eggshell breakage under field conditions. Many scientific studies during the past century have shown a strong relationship between eggshell thickness and eggshell strength. Although thickness is the main factor contributing to the mechanical strength of an eggshell, thicker eggshells do not guarantee stiffer or stronger eggs (Bain, 2005) . Moreover, increasing eggshell thickness means more mineral consumption from feed and more waste needs to be processed (Sun et al., 2012) . Aiming to improve eggshell quality without increasing eggshell thickness, Sun et al. (2012) proposed UET as a novel indicator for eggshell quality. Calculated from thickness of multiple positions on eggshell surface, UET represents overall information of eggshell thickness and positively correlates with breaking strength, which provides a new approach to acquire information about eggshell strength. Furthermore, UET can be non-destructive as long as the thickness needed to calculate UET is obtained by an echometer or other sophisticated and intact measurement devices.
In the present study, our results showed that, within each thickness group, eggshell weight, egg weight and shape index were not significantly different among the low, medium and high subgroups, which was confirmed by their weak relationships with UET. Also, UET had a significant influence on breaking strength， static stiffness， fracture toughness, and elastic modulus only within a certain thickness range (for thin and medium thickness). Eggs with very thick eggshell had a higher breaking strength, which was not correlated with UET. In addition, considering the significant difference in thickness between the thin and medium thickness groups, the most interesting part of our results was that eggs with thin thickness but high UET had higher breaking strength, static stiffness, fracture toughness, and elastic modulus than those with medium thickness but low UET. That is, eggs with thin but more uniform eggshell were stronger than those with thick but less uniform eggshells. Therefore, it was concluded that the UET in combination with traditional eggshell parameters, such as eggshell thickness, shape index and shell weight may be used to improve eggshell quality without significantly increasing the eggshell thickness.
In summary, this study confirmed that UET had a significant effect on eggshell quality in eggs from Lohmann Brown layers. It is proposed that the UET can be used as a new promising parameter to evaluate eggshell strength in combination with traditional eggshell parameters in production and future breeding practice.
